An experimental investigation was carried out to examine the effects on stall margin of flow injection into, and flow removal out of, the endwall region of an axial compressor blade row. A primary objective of the investigation was clarification of the mechanism by which casing treatment (which involves both removal and injection) suppresses stall in turbomachines. To simulate the relative motion between blade and treatment, the injection and removal took place through a slotted hub rotating beneath a cantilevered stator row. Overall performance data and detailed (time-averaged) flowfield measurements were obtained.
INTRODUCTION

Background
It is well known that the presence of grooves or slots (commonly known as "casing treatment") over the tips of compressor rotor blades can improve compressor stall margin. Not only is the stall pointl moved to a lower mass flow rate, but the pressure rise at which stall appears is also increased. Improvement in stall margin, however, has generally been accompanied by a decrease in compressor efficiency (Fujita and Takata, 1984; Prince et al., 1975) , the trend being that those treatments that are more useful in suppressing stall also cause larger efficiency penalties. Because of this, there has been considerable work to try to clarify the mechanism by which the stall margin improvement is achieved, with the goal of developing a rational method of casing treatment design which combines good stall performance and minimal loss in efficiency.
From the many different treatment configurations that have been tested (see, for example, Fujita and Takata, 1984; Prince et al., 1975; Tesch, 1971) , one that has emerged as particularly effective in delaying stall is known as axial skewed grooves. Some of the features of the flow phenomena in this geometry were investigated by Smith and Cumpsty (1985) . Using the same configuration on a moving hub underneath a set of cantilevered stator blades , Cheng et al. (1984) also found a marked improvement in (stator) stall margin. This "hub treatment" experiment, which was specifically designed so that the stator hub flow was similar to that in the tip region of a rotor, had the advantage of allowing the use of stationary instrumentation, making it easier to obtain blade-to-blade flow measurements. Johnson and Greitzer (1987) (denoted henceforth as JG) subsequently examined the flow associated with the smooth (untreated) and treated hubs. With the smooth hub, blockage appeared in the middle of the stator flow passage near the trailing edge just before stall. In addition, the flow pattern and the trends seen in the speedlines as functions of wall and blade geometry were Smith and Cumpsty (1985) and Greitzer et al. (1979) , which were investigations of rotor flows.
The results thus imply that findings concerning hub treatment can be directly applied to the casing treatment situation, and this is the position from which the present work should be viewed. With hub treatment, the blockage at the rear was removed due to flow into the grooves, with this flow emerging as a high velocity jet near the leading edge. A sketch of this is shown in Fig.  1 . The jet is strongest near the leading edge, but the extent of injection covers roughly the front half of the stator passage, with flow removal occurring in the rear half.
Although the jet (also cited by Fujita and Takata (1984) , Smith and Cumpsty (1985) , and Takata and Tsukuda (1977) ) had previously been believed to be the principal agent responsible for delaying stall, the data presented in JG had several features which did not lend obvious support to this. The jet travelled across the blade passage, impinged on the pressure surface and then travelled towards the stator exit on the blade surface, i.e. it did not come close to the region of high blockage that existed in the smooth wall build. Flow removal, however, did occur in the area occupied by blockage. It was thus argued that removal of the retarded flow (blockage) near the hub trailing edge, rather than the jet near the leading edge, was very important for delaying stall onset. Although such arguments are plausible, the data are by no means conclusive.
A key step in sorting out this question is to quantify the influence of the flow removal as well as of the jet. This can be done in a control experiment in which the two competing fluid mechanic effects are imposed separately. The present paper describes such an experiment.
Objective and Overall Ouestions To Be Answered
The overall objective was to provide diagnostic information concerning the mechanism of stall suppression by casing/hub treatment by separately simulating: 1) the jet at the front of the stator passage, and 2) the flow removal at the rear. To investigate the endwall flowfield in the case of injection, as well as to provide a check on the accuracy of simulation, the detailed blade-to-blade velocity field was obtained using hot wire anemometry. Variation of compressor performance with the amount of endwall flow addition or removal was also documented.
If the hypothesis about suction playing the major role were correct, little or no stall margin improvement should result with an injection-only configuration. In contrast, there should be a large increase in stall margin with flow removal, similar to that obtained with the actual hub treatment. The present investigation is thus a (first-of-a-kind) experiment to quantify the roles played by the jet and the flow removal in delaying rotating stall.
EXPERIMENTAL FACILITY
Compressor Design and Critical Features
The design of the compressor is documented in detail by Cheng et al. (1984) and Prell (1981) , but the following is repeated as necessary background to the configuration used in the experiments: 1) Rotor and stator stagger angles are chosen such that the former is lightly loaded relative to the latter, i.e., the stator stalls at a considerably higher flow coefficient (on the compressor map) than the rotor. 2) The stator hub is designed with a high loading so that stall originates from this region. 3) Root clearance and stagger of the stator were selected according to the criteria presented by Koch (1981) to promote the required stall on the endwal1 2 . 4) A large axial distance (roughly 1.1 span) was set between rotor and stator, to decouple the rotor and stator flow fields. 5) The total pressure rise across the rotor hub was small compared to that across the tip, so that the stator operated with a hub radial distortion. Table I lists the geometry of the rotor and stator blades and Fig. 2 shows a cross-sectional schematic of the compressor. The injection/removal plenum was fed/emptied via manifolds which connected to the laboratory air supply/exhaust. Injection/removal flow was metered via a calibrated orifice plate. 2 It has been found that wall treatment is only effective if the stall is associated with the growth of separation on the endwall. This has been termed "casing stall" by McDougall (1988) and "wall stall" by Greitzer et al. (1979) in earlier publications. Design of Hub Treatment . It is desirable to examine the blowing and suction using a treatment configuration similar to that reported by Cheng et al. (1984) and by JG so that results could readily be compared. The previous experiments used 60 degree axial skewed slots with approximately 70% open area. These precise slot dimensions could not be maintained in the present set of experiments because of machining difficulties, and the open area was decreased to 50%. As will be seen, however, this had little effect on the performance.
A total of seven treatment configurations were tested. All had 60 degree axial skewed slots, but the axial length and the location on the hub varied. Figure 3 gives dimensions for the longest slot, which occupied 90% of the axial chord. The slots extended all the way through the hubs, so that they were open to the injection/removal plenum. The designations used for the different configurations are: 6. 45% front 5% -50% 7. 45% rear 50% -95% Figure 4 shows locations of the slots in the stator passage. With the 'full 90% slots", the slot covers the middle 90% of the axial chord of the stator, similar to the original treatment. The 22.5% rear" has slots 22.5% of the axial chord in length, located at the rear part of the stator passage, etc. The "22.5% skewed middle front" were constructed so that the front and rear slot edges had a 45-degree angle relative to a plane perpendicular to the compressor axis. Relative flow at slot exit for these slots would be expected to be inclined roughly 45 degrees to axial, measured in the plane of the slots (in addition to 60 degrees from radial, measured in the r-0 plane).
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Velocity and Pressure Instrumentation. A single hot wire probe was used in obtaining three-dimensional time-averaged velocity data. The method used was based on a modification of that reported by Schmidt and Okiishi (1977) . Hot wire signals at three different wire orientations were combined to obtain the magnitude and direction of the local flow at each grid location in the stator passage.
Eight static pressure taps evenly spaced around the casing of the stator, at inlet and exit stations, were used to obtain the static pressure rise across the stator. Compressor mass flow measurements were deduced from static pressure measurements upstream of the inlet guide vanes and previously measured inlet displacement thicknesses.
DESCRIPTION OF EXPERIMENTS
The present series of experiments can be split into two parts: parametric study of the stator pressure rise characteristics (outer wall static pressure rise) with endwall flow injection or removal, and examination of the features of the stator velocity field in the presence of injection. The conditions of the parametric study were as follows. All characteristics were taken at a compressor speed of 2600 rpm, corresponding to a rotor tip Mach number of 0.24 and a Reynolds number, based on blade chord at the stator midspan, of 1.0 x 10 5 . Previous tests with the baseline hub treatment and smooth wall showed that Reynolds number effects were small, at least down to below 0.8 x 105 (2000 rpm) (Cheng et al., 1984) .
AXIAL-CIRCUMFERENTIAL
The smooth hub and the full 90% slots were first tested without injection or removal. Because these slots were open to the plenum, a run was also made with the bottom of the slots sealed to eliminate interactions between the latter and the plenum.
Different hubs were tested with the injection or removal rate varied, up to 6% of the throughflow in some cases. For comparison, the measured mass flow (in and out) through the hub treatment previously tested was approximately 3.5% of the throughflow (there was, of course, no net inflow or outflow). The flow near the stator hub was monitored by a hot wire to identify the stall point.
Time-Averaged Stator Velocity Field Measurements
Three-dimensional, time-averaged stator flow field measurements were obtained for the 22.5% front slots at a blowing rate of 2.8% (expressed as percentage of the throughflow at C x/U = 0.342). This configuration should simulate the jet in an actual hub treatment; comparison with hub treatment hot wire results was carried out to verify this. Time-averaged flow field measurements only were obtained, since the measurements reported in JG showed that substantial unsteadiness occurred only in a small region close to the hub near the leading edge.
EXPERIMENTAL RESULTS
The stator inlet velocity Vin was obtained from C x and the mean stator inlet angle, Pin as
Cx
Vin= -cos(3 in
Radial traverse measurements of the inlet flow angle in (from which Pin is obtained) are given by Cheng et al. (1984) for values of Cx/U = 0.305 and 0.345. Values of Pin between these mass flows were obtained by linear interpolation between these limits. The magnitudes of the stator absolute inlet velocity and flow angle vary from hub to tip, and there is no clear criterion for the "proper" normalizing dynamic pressure. The procedure followed here is to use Vi n given by Eq. (1). For reference, the measu red values of Pin were 52.5° (at CxIU = 0.345) to 55.5° (at Cx/U = 0.305). It is to be emphasized, however, that we see no indication that the central conclusions of this study would be significantly altered by adoption of another definition of inlet dynamic pressure. Additional information about the stator inlet conditions and the overall stage performance can be found in Cheng (1982) .
Figures 6 to 11 show the dependence of the stator static pressure rise on injection or removal rate. As stated, injectionremoval rate is given as percentage of the compressor main flow at Cx/U = 0.342, the near-stall point for the smooth wall. Although there is no absolute criterion for selecting the normalizing compressor flow rate, 0.342 is used because it is the flow coefficient at which hot wire measurements were taken.
The estimated measurement uncertainties of AP/t/2 pU 2 and AP/1 /2 pV n were ±2% and ±3% of the stalling value of the smooth wall build respectively. The uncertainty in flow coefficient was ±1 %.
(1)
Data Presentation Format
Pressure rise information was obtained with all of the hubs described earlier. Data showing the difference in performance obtained with smooth wall and with hub treatment is presented in Figure 5 . The stator static pressure rise, AP, is non-dimensionalized in two alternative ways, using 1 /2 pU 2 and 1 /2 pV a, where U is the mean blade speed, Vi n is a reference stator inlet absolute velocity, and p is the density. Compressor mass flow is presented as flow coefficient, C x/U, where Cx is the average axial velocity measured upstream of the inlet guide vanes. Baseline Runs. The smooth wall build and the 90% hub treatment slot configuration, sealed at the slot bottom, are selected to be the baselines for assessing the effectiveness of various slots. This section presents results obtained with these geometries, with discussion given subsequently.
The characteristics for the smooth wall build as well as the 90% slot configuration are displayed in Figs. 5a,b. Data for the slot configuration are shown both with and without the slot bottom sealed. The occurrence of rotating stall is marked by the solid point on each curve. In the experiment, stalling was identified with the appearance of large scale, high amplitude unsteadiness in the flow field near the hub surface, and the onset point of this unsteadiness was quite distinct. The stall points are at, or very near, the peak of the pressure rise curve, and this will be seen for the other configurations described subsequently. With the smooth wall build, stall occurs at a pressure rise the same as reported in JG, A_P/ 1 /2 pU 2 = 0.083, although at a slightly lower (2%) value of C x/U. Possible explanations for the small shift may be the installation of an improved stator seal, or the improved rotor assembly and alignment procedure. In any event, 1) the speedlines for the present series of builds were repeatable, 2) the stalling pressure rise was the same as that documented previously, AP/ 1/2 pU 2 = 0.083 and AP/l/2 pV,n) = 0.268 in the two non-dimensional forms, and 3) any changes between the present and the previous experiments in measured flow are much smaller than between smooth wall and hub treatment builds.
With the 90% slots, sealed at the bottom, stall occurs at Cx/U = 0.297, a 10% change from the smooth build. The stalling AP/ 1/2 pU 2 and AP/1/2 pV n are equal to 0.137 and 0.461, corresponding to 66% and 72% improvement over the smooth wall and AP/t/2 pV ri = 0.465, so that closing the bottom of the slots has little effect on peak pressure rise for this configuration.
Figures 5a,b also show that, whether the non-dimensionalization is carried out using U 2 or V n, the relative positions of the curves for smooth wall and for slotted endwall are quite similar. This was true over the full range of data obtained. As a consequence, we will present the subsequent data in the form AP/ 1/2 pV n as more closely representative of the stator performance viewed as a diffuser. An approximate conversion factor from units of AP/l/2 pV j) to those of AP/l/2 pU 2 is 0.3, but for the actual data in terms of AP/ 1 /2 pU2 , the report by Lee (1988) can be consulted.
For reference, the stall points reported in JG were at C x/U = 0.295, AP/l/2 pU 2 = 0.145 and AP/l/2 pV n = 0.488 with the hub treatment. Those slots had 17% more open area, and this is viewed as the probable cause of the 5% larger stalling pressure rise, compared with the slots used in the present experiment.
Compressor Pressure Rise Characteristics: All
Other Hub Geometries . Figure 6 presents speedlines obtained with no net injection or removal, for all the different hub geometries.
Again, only AP/t/2 pV n is presented, but the plot of AP/l/2 pU 2 looks very similar, except for the scaling of the ordinate. The curves for the smooth wall and 90% unsealed are included for reference. Compared to the peak pressure rise of the smooth build, the 22.5% slots give improvements in AP/t/2 pV ii of at most 10%, whereas the two 45% slots achieve roughly a 40% increase in peak pressure rise. Slots at the front of the stator generally perform better than slots at the rear. The 45% slots have a drop in performance at stall which is similar to that of the 90% slots. A large number of compressor characteristics have been Figures 7 and 8 show representative pressure rise characteristics with suction . In both figures, and in all of Figs. 7 to 11, the pressure rise characteristics with smooth wall and with 90% sealed slots are shown for reference as solid and dashed lines respectively. Data from the 22.5% front (in Fig. 7 ) and 45% rear (in Fig. 8 ) slots are shown for a range of suction rates. (The performance of the 45% rear slot was similar to the 22.5% rear slot, but the former is presented because a greater range of suction flows could be obtained.) Stall is suppressed at all suction rates compared with the smooth wall. It can also be seen that the characteristics with suction are displaced from those for the smooth wall as well as from the zero suction rate curves, even in the pre-stall regions, by amounts depending on the rate of removal; this will be discussed below.
Representative characteristics obtained with different injection rates are shown in Figs. 9 (22.5% front), 10 (22.5% middle front), and 11 (22.5% rear). Injection increases the stalling pressure rise in all cases, but injection at the front of the passage is more effective than at the rear. The displacement in the pre-stall portion of the speedlines away from the smooth-wall baseline is smaller than that found with removal; this will also be elaborated on later.
Effects of Slot Flow Rate on Stalling Pressure
Rise. Figure 12 shows the improvement in stalling pressure rise plotted as a function of the injection or removal rate for all of the hub geometries tested. Six different curves (actually straight line Fig. 12 . First, for flow removal (suction): 1) Stalling pressure rise of the 22.5% slots and 45% front slots increases monotonically with suction rate over the range examined. This is not the case, however, with the 45% rear slots. With no suction, the increase in stalling pressure rise due to the latter is roughly 40%. As suction increases from zero, there is an initial drop in the stalling pressure rise, with a local minimum near 1.5% suction mass flow. Increases in suction from this point yield increases in stalling pressure rise, with the zero-suction value reattained at a suction rate of 2.2% of the reference mass flow. 2) Effectiveness of the 45% front slots differs considerably from the 45% rear slots at low suction rates. The 45% front slots have good capability to delay stall at low suction rates (around 1.5% removal, say), giving a 55% increase in AP/ 1 /2 pV n). 3) There is little difference between the 22.5% front and rear slots with suction. Effectiveness of the 22.5% middle front slots surpasses these two by approximately 10%, up to a level of roughly 3% suction.
Blowing Rote All curves intersect at approximately 3.5% suction rate, which is the amount of slot flow in (and out of) the hub treatment used in JG. The stalling AP/t/2 pV n of the 45% rear slots matches the full 90% slot performance with zero net flow at 5% suction. For flow injection (blowing): Slot effectiveness varies over the whole range investigated, in contrast to the behavior with suction. With the 45% slots, a decrease in effectiveness occurs in both front and rear slots as injection rate increases from zero to 1.5%. The stalling pressure rise of all the 22.5% slots increases monotonically with injection rate. The 22.5% middle front out-performs all other 22.5% slots at all blowing rates, and out-performs the 45% slots at rates higher than 2%. The 22.5% skewed middle front is considerably less effective than the 22.5% front or middle front. The stalling pressure rise of the full 90% slot is equalled by the 22.5% middle front slots at 3.3% injection.
DISCUSSIONS OF THE PARAMETRIC RESULTS
Figure of Merit for Effectiveness Assessment
The primary figure of merit adopted to assess the effectiveness of various slots is the non-dimensional stalling pressure rise attained, AP/1 /2 pV n. Although one can debate the use of this criterion, its basis is that it is the endwall regions which give rise to stall and, more specifically, that stall is associated with a separation that arises on the endwall (McDougall, 1988) . What is assessed, therefore, is the ability of the flow in this region to cope with a given non-dimensional pressure rise. Use of the stall flow coefficient as a discriminant does carry with it an ambiguity, however, because the upstream and downstream flow coefficients are different when there is mass addition or removal. As pointed out by Koch (1970) , there is thus a shift in the pressure rise characteristic compared to the zero net flow situation. The direction of the shift depends on whether the mass flow is measured upstream or downstream. (Note that, by averaging the upstream and downstream flow coefficients, it is possible to lessen the amount of the shift in the pressure rise characteristics. It does not appear to us, however, that any clear advantage is gained by doing this or by basing the flow on a downstream measurement.) AP/ 1/2 pV n is by no means the only figure of merit that can be used. If it is desired to assess performance of the stator in terms of the pressure rise only, AP/ 1 /2 pU2 is more relevant. However, the latter does not carry explicit information on inlet conditions, and our choice basically is an adoption of the common convention used for diffusers. In addition, as mentioned several times already, the trends are similar with either non-dimensionalization, so that conclusions based on either AP/I/2 pU 2 or AP/I/2 pV n also correspond closely. The term "performance" will hereafter refer to the stalling pressure rise normalized by the stator inlet dynamic head, unless otherwise stated.
Performance With No Net Infection or Removal
The performance of the 90% slots is slightly (5%) lower than that of the hub treatment used in JG. In both those hub treatments, flow at the rear end of the stator passage is sucked into the slots, has work done on it by the hub, and emerges at the front as a high momentum jet. There is no hot wire data for the 90% slots, so the exact amount of flow in and out of the slot in the present set of experiments is not known, but the similar performance of the present 90% slots and those used in JG strongly suggests that slot flow in the former is close to the value of 3.5% measured in the latter. 
■
With the 45% slots, performance at zero net flow drops to half of the value reached by the 90% slots. Even so, the increase in stall margin implies that there is internal injection and removal, similar to that in the 90% slots as described in the previous paragraph. For the 22.5% slots, the speedlines are similar to the smooth wall baseline, and one can conjecture that little internal injection or removal occurs in these slots.
Performance With Flow Removal
We first consider flow removal at the rear. The success of the 22.5% and 45% rear slots in suppressing stall (Figs. 8 and 12 ) supports the hypothesis that the removal of low momentum fluid at the rear of hub or casing treatment slots can help delay stall. The connection one might expect between increase in stalling pressure rise and increase in suction mass flow rate is generally confirmed by the data for the 22.5% rear slots and for the 45% rear slots at high suction rates. The behavior of the 45% rear slots at low suction rates will be addressed subsequently.
Consider now local suction in the front half of the stator passage, through the 22.5% front and 22.5% middle front slots. The data in JG indicated that blockage does not appear at the front half of the passage, so it does not appear appropriate to talk about the direct action of removal on the blockage. Rather (as in the case of airfoil suction close to the leading edge), removal at the front half of the passage may alter the development of the endwall layer downstream of the location of suction. Both mechanisms, corresponding to suction at the rear and at the front, appear effective, as Fig. 12 shows little difference in the performance of the 22.5% front and rear slots over the whole suction regime.
Behavior of the 45% front and rear slots may be rationalized as follows. With no suction they operate like conventional hub treatments, drawing in low total pressure flow at the rear, doing work on it, and ejecting it as a jet at the front. As the suction gradually increases, however, there is a change from this recirculating flow (the zero suction rate situation) to a dominantly (or even totally) outward flow at high values of removal.
At 3.5% suction, the approximate amount of circulating slot flow in the 90% slots, the stalling AP/1 /2 pV n of all slots is 55% higher than that of the smooth build, but is less than the 70% level attained by the 90% slots. This implies that suction is not the sole cause of the increase in stall margin and that the jet is also responsible for the observed measurement.
The effects of flow removal cause the pressure rise with suction to be higher than the smooth wall value, for a given flow coefficient, at flows away from stall as well. Appendix A describes a simple estimate of the increase in pressure rise in a diffusing cascade with suction, which agrees well with experimental data. It is emphasized, however, that the gain in stalling pressure rise is not due to inviscid effects, i.e. to increased diffusion, alone. Had suction been applied through slots located at the outer casing, instead of at the rotating hub, the hub flow would not be altered and the stalling pressure rise would not be expected to differ much from the value found in the smooth wall tests. In short, a necessary condition for the increase in stalling pressure rise is the increased ability of the hub endwall flow to tolerate this pressure rise.
Flow Injection
With endwall flow injection, there is much more variation in effectiveness among the slots. A simple control volume analysis (Appendix A) shows that the static pressure rise due to mixing of the jet with the stator main flow is small compared to the observed improvement in stalling pressure rise. (The former is consistent with the small differences between the portion of the speedlines with injection and the smooth wall speedline at flows away from stall.) The improvement is thus not a result of the bulk mixing of the jet with the main flow, but is due to local effects of the injection on the hub endwall flow.
Location and Orientation of Injection . With injection, the jet location as well as the jet mass flow govern the amount of improvement (Figs. 9 to 12 ). Injection through the 22.5% front and 22.5% middle front is much more effective than that through slots of the same size at the rear. (Comparison with the 22.5% skewed middle front is excluded for the present because of its different configuration.)
Although the results have been presented in terms of injection mass flow for simplicity, it might be expected that some measure of the injected flow momentum would be more closely related to the improvement in stalling pressure rise. Figure 13 thus gives performance of the 22.5% slots as a function of the absolute injection momentum flux (i.e. of the quantity pV 2Ajct) irrespective of direction. The momentum flux is calculated based on measured injection mass flow, slot area, and slot angle, and is normalized by momentum flux of the main flow (based on C x) at the stall flow coefficient.
The solid bar in the figure shows the performance of the 90% slots. The momentum flux of the jet in this case is based on the measurements reported in JG, and the bar length indicates the experimental uncertainty in the measurements.
In Fig. 13 , the superior performance of the 22.5% middle front is again visible. This slot and the 22.5% front , however, have fairly similar performance over the range of momentum injection rates up to and including that found for the hub treatment used in the original experiments.
Re-orienting the jet at the middle front location so that it has less alignment with the main flow (i.e., injection through the 22.5% skewed middle front) results in considerably poorer performance. More specifically, the 22.5% skewed middle front, which was Absolute Momentum Injection (% of Main Flow) designed to have 40% less streamwise momentum flux than the 22.5% middle front3 (at 12% absolute momentum influx), is 45% less effective than the 22.5% middle front at that amount of absolute momentum influx. This suggests, again as one might expect, that direction of influx is important and that there may be correlation between streamwise momentum influx and stall-delaying ability.
In Fig. 14, the effect of the streamwise component of jet momentum is brought out explicitly. The abcissa in the figure is the component of momentum flux in the streamwise direction, based on the assumption that the stator "free stream" flow angle decreases linearly from inlet to exit.
Plotting the performance in terms of streamwise momentum can be seen (in Fig. 14) to bring the performance curves for the 22.5% skewed middle front much more in line with that of the other two slot configurations. From Figs. 13 and 14, therefore, it appears that the favorable effect on stall suppression is linked closely to the streamwise component of the jet momentum flux, although the phenomenological connection is still unresolved. One possible explanation is that the streamwise component of the jet helps delay stall by directly "energizing" the endwall flow. Other plausible mechanisms, however, can also be postulated, such as a restriction in (root) clearance leakage flow, which thereby suppresses stall, because it is our strong opinion that the leakage flow is critically related to stall onset. The view held here is that, without further investigation, the correct mechanism of jet operation cannot be identified.
Detailed Flowfield Measurements . In addition to the overall measurements, the velocity field in the endwall region has also been examined for a configuration with injection. This is shown in Figs. 15 through 17 which contain different projections of velocities for: a) the smooth wall, b) the treated hub used in JG, and c) the 22.5% front with injection. Several aspects of the data will be discussed: accuracy of the simulation, comparison of rear passage endwall flow, and pitch averaged streamwise velocity profile. In the velocity vector data shown, the convention adopted is that a circle and a cross at the root of a velocity vector represent flow coming out of and going into the plane of the paper respectively.
Accuracy of Simulation . We first examine the relation between the flows with hub treatment and with injection. Figures  15a,b ,c are views on a surface of constant radius at 2% span from the hub surface. In each of (b) and (c), a jet is seen to emerge from the endwall at the front of the stator passage. (The dotted rectangle in (c) represents the location of injection.) The jets in (b) and (c) behave similarly in that they both impinge on the pressure side of the left blade (blade 1 in the figure) . The trajectory of each jet after striking the blade is demonstrated in Figs. 16a,b ,c, which show projections on a plane parallel to the chord and 8% of pitch from the pressure surface. After impacting the blade, the jet can be seen to travel upwards and towards the stator exit on the blade surface.
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Note the correspondence between (b) and (c) from Figs. 15b,c and 16b,c. The velocity magnitude of the jet in (c) is roughly three-quarters of the one in (b), but the trajectories of the jets in both cases are quite similar despite the velocity difference. As will be shown subsequently, pitch averaged velocities are also closely similar. Hence, the injection does simulate the jet in a conventional hub treatment, with the overall jet trajectory represented diagrammatically as in Fig. 1 .
Comparison of Rear Passage Endwall Flow . We now consider the flow in the rear of the passage. With the smooth hub, the flow near the trailing edge has only a -.mall component of axial velocity (see Fig. 15a ). In contrast, the same region of flow in Fig. 15c has much higher axial velocities, so that the blockage has decreased between 15a and 15c. (Figure 15b represents a different situation, because flow is removed from the endwall.)
The same conclusion can be inferred from Figs. 17a,b,c, which are planes parallel to the chord at 28% pitch from the pressure side, arranged in the same order as before. There are marked differences in the behavior of the rear-passage endwall flow for the three cases. Blockage corresponding to an area of small chordal velocities close to the hub is clearly visible near the trailing edge in (a). In contrast, in Fig. 17c , no area with significantly decreased chordal velocities is seen. The flow at 2% span in the rear half of the passage is parallel to the hub surface. Furthermore, chordal velocities (which are, loosely, streamwise velocities) in that area are consierably higher than those in (a), and are comparable to those in the upper planes. In (b), again, the situation is very different from both (a) and (c), because the blockage is removed due to the flow entering the slots at the passage rear.
L.E. , . I.E. Pitch-Averaged Streamwise Velocity Profile . It is useful to examine the evolution of the pitch-averaged streamwise velocity through the stator passage. Figure 18 shows the pitchaveraged streamwise velocity normalized by the local annulusaveraged streamwise velocity. At the inlet to the stator (0% axial chord), all three profiles, corresponding to the smooth hub, the hub treatment, and the 22.5% front slots with 2.8% injection, have roughly the same shape. No significant reduction is seen in velocities near the hub surface, although some traces of the jet in (c)
are visible.
At 8% axial chord, the effect of the jets is seen with the hub treatment and with the injection. There is a region of increased velocity covering approximately the lowest 10% of the span. At locations from 8% to 55% axial chord, an upward movement of the high velocity region is seen, associated with the jet trajectory revealed in Fig. 16 . The strong similarity between the injected flow and the hub treatment flow is also evident.
Up to 55% axial chord, the smooth wall profile shows no marked reduction in velocities close to the hub surface. Downstream of this axial location, however, there is considerable reduction in streamwise velocity near the wall. The streamwise velocity reduction also occurs with hub treatment and with injection, although it is much less severe. At the 100% axial chord location, flow at 2% span in the case of the smooth hub leaves the passage with a streamwise velocity that is 40% of the mean flow, compared to 60% in the other two cases. The general picture is that the streamwise velocity profile is substantially fuller with treatment or with injection, compared to the situation with the smooth wall.
Examination of Secondary Circulation in the Stator Passage. In Fig. 17 , one can see downward velocities in the upper radial planes near the trailing edge. This appears more clearly in Figs. 19a,b ,c, which show a plane perpendicular to the axial direction at a location 78% chord from the leading edge. With the injection, there is a circulation of 0.45 Cxbax around the rectangular contour shown, where b ax is the stator axial chord. The flowfield associated with this circulation is such that, at 6% span, flow near the suction side of the blade passage possesses downward (towards the hub) velocities, and upward velocities near the pressure side. The amount of flow transported downward through a radial plane at 6% span is 1.4% of the mass flow rate of the main flow; this corresponds to 1.2% momentum flux (normalized by the momentum of main flow).
The circulation also occurs with the full 90% slot hub treatment, as seen in Fig. 19b . Around a similar contour, the circulation is equal to 0.49 Cxbax. With a smooth hub, the circulation around the same contour has a value of -0.10 C xbax , i.e. of the opposite sense to the circulation obtained with the treated slots, so that this rear passage circulation is due to the jet from the slots.
A question that can be posed is whether the mixing due to this secondary circulation might energize the flow near the hub and thus help delay the stall. The normalized momentum flux of the main flow transported towards the hub surface is 1.2%, compared to a normalized streamwise momentum influx at the location of blowing of 5.1%. This appears to imply that momentum addition due to such increased mixing is not dominant, although its role may not be altogether negligible.
Suggestions for Future Work
Investigation on casing or hub treatment has so far been essentially all experimental, and it seems useful to examine the threedimensional flow structure computationally. This would allow, for example, the trajectory of a 'leakage element" to be tracked, so that the involvement of the leakage flow in the stall process can be studied. A further step is to simulate flow injection (or removal) by altering the boundary conditions. Again, by keeping track of the "leakage element", one should be able to tell if (and perhaps how) the jet alters the tip leakage flow. This might also clarify the role of streamwise momentum of the jet which appears so important in the success of endwall injection.
Experiments using tracer-gas also would seem useful for tracing out hub (or tip) leakage flow to assess the involvement in stall onset and the interaction with the jet. One way to do this is to release the gas in the endwall region close to the pressure surface in the adjacent blade passage, and measure its concentration in the passage of interest. The amount of leakage flow can then be known via the measured concentration of the gas. Such an experiment would be useful in that it directly examines the role of leakage flow, which is known to have a detrimental effect on the stall margin. The objective is not only to trace out the path of the leakage flow, but also to see if the jet does cut down the amount of leakage, thereby delaying stall.
SUMMARY
An experimental investigation was conducted of the effects on stall margin due to flow injection into, and removal from, the endwall of an axial compressor stator blade row. The experiment, which was carried out on a rotating hub beneath a cantilevered stator, was designed to simulate the injection and removal processes that occur with compressor wall treatment, and thus to clarify the mechanism of its operation.
Both injection at the front and removal at the rear of the blade passage increased the stall margin, but neither was as effective as the complete treatment. This implies that both removal of high blockage flow from the rear of the slot and high velocity injection at the front are responsible for stall margin improvement in casing or hub treatment.
The degree of stability enhancement achieved with suction did not depend strongly on the location; suction at the rear and front of the stator passage was equally effective. In general, the stall pressure rise increased monotonically with the amount of removal.
With endwall injection, both the amount of momentum injected and the location of the injection strongly affected the stall margin improvement. Injection through a location covering 27.5% to 50% of the passage worked as well as the full treatment; injection through a location covering 5% to 27.5%, which corresponds most closely to the simulation of the jet in the actual casing treatment, was less effective; and injection in the rear of the passage delayed stall by only a small amount. The streamwise component of momentum was found to be an important factor to the success of endwall injection; the amount of stall suppression correlated with the streamwise momentum influx.
In the experiment, the stator stagger angle, inlet velocity triangles, and overall performance are representative of rotor tip behavior for geometries of current interest. This, coupled with the apparent insensitivity of stall inception in multistage compressors to the precise details of the blading (Koch, 1981) This appendix contains a brief discussion of the changes in pressure rise, due to suction and injection, which are observed at flows far from the stall point. A simple procedure for estimating these changes is described and the results are compared with the measurements. The analysis is sketched out only, but for full details one can refer to Lee (1988) .
Suction
The basic premise is that for flows well away from stall, blockage is small so that, as a good approximation, we can neglect differences in deviation and blockage between smooth and slotted wall situations. The primary effect of the suction is thus an inviscid one. Application of Bernoulli's equation and continuity (in a onedimensional form) yields an expression for the difference in pressure rise at any two suction rates, S a and Sb, where S is the suction rate. A more detailed analysis using an inlet velocity profile that varies linearly has also been carried out. The numerical results are within 5% of those obtained using the above model, however, so the latter approach appears to suffice.
A comparison of the calculated and measured differences in pressure rise due to suction is given in Table A . 1, and it can be seen that the analysis gives a reasonable estimate for the change in stator static pressure rise. For the flow in the stator passage with injection, we model the process as occurring in two steps: jet injection and mixing, then diffusion. Again, the analysis is carried out in a one-dimensional manner (Lee, 1988) and we present only the final expression: In this expression, b = mj/pA1 Vi n , mj is the mass injecton rate, Vjet is the jet absolute velocity, 0 is the angle between the jet and a surface of constant radius, and 13 is the angle between the projection of the jet direction on a surface of constant radius and the cascade plane. The last two quantities 0 and (3 can be obtained from the hotwire measurements. Mixing of jet and main flow occurs at area Al. This is followed by diffusion from Al to A2. At a representative condition: 2 PV m inj 2 PV n noinj and the measured value is 0.013. The calculated change in pressure rise is considerably less than that with suction, and this trend is also seen in the data in Figs. 7-11.
